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Abstract Myocardial infarction (MI) induces an inflam-
matory response in which neutrophils fulfill a prominent
role. Mean neutrophil volume (MNV) represents the
average size of the circulating neutrophil population. Our
goal was to determine the effect of MI on MNV and
investigate the mechanisms behind MNV elevation. MNV
of 84 MI patients was compared with the MNV of 209
stable angina patients and correlated to simultaneously
measured CK levels. Fourteen pigs were subjected to
temporary coronary balloon occlusion and blood was
sampled at multiple time points to measure MNV.
Echocardiography was performed followed by ex vivo
infarct size assessment after 72 h. MNV was higher in MI
patients compared to stable angina patients (602 SD26 AU
vs. 580 SD20 AU, p\ 0.0001) and correlated with
simultaneously measured CK levels (R = 0.357,
p\ 0.0001). In pigs, MNV was elevated post-MI (451
SD11 AU vs. 469 SD12 AU), p\ 0.0001). MNV corre-
lated with infarct size (R = 0.705, p = 0.007) and inver-
sely correlated with left ventricular ejection fraction
(R = -0.718, p = 0.009). Cell sorting revealed an
increased presence of banded neutrophils after MI, which
have a higher MNV compared to mature neutrophils post-
MI (495 SD14 AU vs. 478 SD11 AU, p = 0.012). MNV
from coronary sinus blood was higher than MNV of neu-
trophils from simultaneously sampled arterial blood (463
SD7.6 AU vs. 461 SD8.6 AU, p = 0.013) post-MI. The
current study shows MNV is elevated and reflects cardiac
damage post-MI. MNV increases due to altered neutrophil
composition and systemic neutrophil activation. MNV may
be an interesting parameter for prognostic assessment in
MI and provide new insights into pathological innate
immune responses evoked by ischemia–reperfusion.
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Introduction
Ischemic damage after myocardial infarction (MI) induces
a detrimental inflammatory response [1, 25, 32]. The best
treatment to salvage myocardium post-MI is to restore
myocardial reperfusion through percutaneous coronary
intervention (PCI) [26]. Apart from myocardial salvage,
reperfusion also allows for immediate interaction between
the damaged myocardium and circulating cells, among
which neutrophils are the first responders [13, 22, 48, 53].
After myocardial reperfusion, circulating cells migrate
to the infarcted tissue to clear out necrotic cells and
orchestrate cardiac wound healing [18, 48]. Paradoxically,
the influx of inflammatory cells into the myocardium can
result in the elimination of viable cardiomyocytes, thereby
inducing infarct expansion [4, 36, 41]. Many clinical
studies have shown that the severity of this inflammatory
response is reflected by systemically measurable
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inflammatory parameters [27]. Especially circulating neu-
trophils have been shown to represent the amount of
inflicted damage, since neutrophil numbers and ratios are
associated with a worse prognosis and more adverse events
after MI [11, 12, 19, 21, 31, 37–39, 47].
Currently, prognostic value of neutrophils to predict the
outcome after MI is limited to neutrophil numbers or
derivatives hereof, like neutrophil/lymphocyte ratio [2, 43].
Studies that focus on morphological changes of neu-
trophils, or use, e.g., membrane proteins as a prognostic
marker are scarce. The reasons may be manifold. Amongst
technical and cost issues, neutrophils have classically been
regarded as a uniform population with detrimental effects
in MI-related cardiac injury. However, new data show the
existence of neutrophil subtypes, like banded and hyper-
segmented neutrophils, with distinct functional capacity
that is reflected by morphological differences and receptor
expression patterns [8, 42]. Morphological changes in the
neutrophil population may therefore represent an altered
circulating neutrophil composition during MI and investi-
gating these characteristics will contribute to the under-
standing of phenotypic and functional differences of
neutrophil subsets in MI.
Mean neutrophil volume (MNV) represents the average
size of the circulating neutrophil population [3]. In contrast
to many other morphological characteristics, MNV can be
easily determined by clinically implemented automated
hematological cell analyzers [45]. Moreover, changes in
MNV have been proven to be associated with an increased
inflammatory response and is a marker of disease severity
in several infectious diseases and trauma, independent of
neutrophil numbers [3, 9, 10, 28, 29, 34, 54].
Since MI induces an inflammatory response, and MNV
is known to be elevated in inflammation-related diseases, in
the current study we hypothesize that MNV changes after
myocardial infarction in patients suffering from MI. We
also hypothesize that possible MNV elevation reflects the
extent of cardiac damage and is caused by an altered cir-
culating neutrophil composition. To this extent, we inves-
tigated the effect of myocardial ischemia–reperfusion
injury on MNV in a porcine model of MI and determined if
MNV could be a possible marker in the setting of MI.
Methods
Patient sampling
To determine MNV after MI, blood samples from ST-eleva-
tion MI (STEMI) patients were compared with samples from
stable angina patients and patients without coronary artery
disease. Eighty-four STEMI patients included in the DEB-
AMI trial (ClinicalTrials.gov identifier NCT00856765) were
retrospectively selected. The exact inclusion and exclusion
criteria of theDEB-AMI study cohort are described elsewhere
[5]. Most importantly, patients were eligible for inclusion in
the DEB-AMI trial only when having evidence of a single
culprit lesion in the target vessel and received a PCI within
12 h after the onset of complaints. Thisminimizes the chances
for confounding effects of previous ischemia on MNV.
Patients with peri-procedural cardiac arrest were excluded.
Patients between 18 and 80 years of age, suffering from
STEMI (diagnosed by the presence of anginal complaints and
[1 mm ST elevation in[2 contiguous leads or new left
bundle branch block) between 2009 and 2013, from whom a
white blood cell count was available within 72 h after the
onset of complaints, were included.
As non-ischemic control groups, patients without coro-
nary artery disease and stable angina patients with signif-
icant coronary artery disease were selected from the
UCORBIO cohort (clinicaltrials.gov identifier:
NCT02304744), a biobank of patients undergoing coronary
angiography in the University Medical Center in Utrecht,
the Netherlands. From 2011 to 2013, patients presenting
without coronary artery disease (no CAD, n = 80) and
patients with stable complaints (either stable angina, dys-
pnea complaints or silent ischemia) were enrolled from the
catheterization laboratories (stable AP, n = 209) [14].
In all patients, MNV was measured by the Cell-Dyn
Sapphire (CD-Sapphire), an automated hematological
analyzer (see below). Creatine kinase (CK) was measured
routinely after PCI in STEMI patients. Data for this study
were obtained from the Utrecht Patient Oriented Database
(UPOD). UPOD comprises information on patient demo-
graphics, hospital discharge diagnoses, medical proce-
dures, medication orders and laboratory tests for all
patients treated at the UMC Utrecht. The UPOD database is
described in detail elsewhere [6]. All patients provided
written informed consent. This study conforms to the
declaration of Helsinki. Medical Review Board approval
for this research project was obtained at the UMC Utrecht.
Porcine sampling
All animal experiments were approved by the institutional
animal welfare committee and were executed conforming
to the ‘Guide for the Care and Use of Laboratory Animals’.
A total of 19 female landrace pigs were used in this
study. Fourteen pigs (body weight 70.1 SD3.8 kg) were
subjected to closed-chest left anterior descending artery
(LAD) occlusion for 75 min followed by 3 days of reper-
fusion. Arterial blood was collected at baseline, at the end
of the ischemic period and at multiple time points after
reperfusion (0, 15, 30, 60 and 120 min) and was collected
in ethylenediaminetetraacetic (EDTA) containing vacu-
tainers followed by the measurements of MNV with the
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same type of hematology analyzer that was used for the
analysis of human samples. From 4 pigs, additional blood
samples were drawn at 4 and 8 h reperfusion. Furthermore,
coronary sinus blood sampling was performed 15 min after
reperfusion simultaneously with arterial blood sampling.
After 72-h follow-up, pigs were re-anesthetized and 3D-
echocardiography was performed after sternotomy. Five
pigs were used for sham procedures, undergoing the same
procedures except myocardial ischemia induction.
Surgical procedure
Pre-treatment and anesthesia protocols have been described
in detail elsewhere [20, 24]. In short, all animals were pre-
treated with acetylsalicylic acid for 1 day (320 mg loading
dose, 80 mg/day maintenance), clopidogrel for 3 days
(75 mg/day) and amiodaron for 10 days (1200 mg loading
dose, 800 mg/day maintenance). All medication was con-
tinued until the end of the 72-h follow-up period. Animals
were anesthetized with an intramuscular injection of
0.4 mg/kg midazolam, 10 mg/kg ketamine and 0.014 mg/
kg atropine. Venous access was obtained by insertion of an
18G cannula in the ear vein for intravenous administration
of 5 mg/kg sodiumthiopental. Anesthesia was maintained
with intravenous infusion of 0.5 mg/kg/h midazolam,
2.5 lg/kg/h sufentanyl and 0.1 mg/kg/h pancuronium. Pre-
operatively, animals received a fentanyl patch (25 lg/h).
Arterial access was obtained by introduction of an 8F
sheath into the carotid artery after surgical exposure. A
coronary angiogram of the left coronary tree was acquired
using an 8F JL4 guiding catheter (Boston Scientific, Nat-
ick, MA, USA). An adequately sized balloon was placed
distal to the second or third diagonal branch, depending on
the anatomy of the coronary artery, and inflated for 75 min.
Animals were observed for 3 h post-reperfusion and a
permanent catheter was placed in the jugular vein in 4 pigs
to allow venous blood sampling at 4 and 8 h reperfusion.
The surgical wound was closed and animals were weaned
from anesthesia. Animals were defibrillated in case of
ventricular fibrillation (VF).
Echocardiography, infarct size and troponin
Three-dimensional echocardiography was performed as
described before [20, 24]. In short, pigs were re-anes-
thetized according to the same protocol after 72 h. Medial
sternotomy was performed and a gel-filled flexible sleeve
was placed directly on the apex of the heart. An X3-1
transducer on an iE33 ultrasound device (Philips, Eind-
hoven, The Netherlands) was used to perform the
echocardiogram. Images were analyzed offline using QLab
10.1 (3DQ advanced) analysis software. Due to incomplete
capture of the LV, one animal was excluded from the
analysis. After 3D-echocardiography, animals were killed
by exsanguination under anesthesia. The heart was excised
and the LV was cut into 5 equal slices from apex to base.
Slices were incubated in 1 % TTC (Sigma-Aldrich
Chemicals, Zwijndrecht, the Netherlands) in 37 C
0.9 %NaCl for 10 min to discriminate between infarct
tissue and viable myocardium. After incubation, pho-
tographs of the slices were made and the infarct size as a
ratio of the left ventricle (LV) was quantified using ImageJ
software (NIH, Bethesda, MD, USA). Troponin was mea-
sured in plasma isolated from blood drawn after 2 h
reperfusion, using a UniCel DxI Immunoassay system
(Beckman Coulter, Brea, CA, USA) with a paramagnetic
particle, chemiluminescent immunoassay (Beckman Coul-
ter, Brea, CA, USA).
Sham experiments
Five animals were subjected to sham experiments. Pre-
treatment and anesthesia were similar to the protocol
described above. Arterial access was again obtained by
introduction of an 8F sheath into the carotid artery after
surgical exposure. A coronary angiogramof the left coronary
tree was acquired using an 8F JL4 guiding catheter (Boston
scientific, Natick, MA, USA). Animals were observed for
6 h (corresponding to the observation period of the animals
subjected to MI), followed by exsanguination.
Cell-Dyn Sapphire—MNV measurements
For the measurements of MNV in both patients and pigs,
the Cell-Dyn Sapphire (Abbott diagnostics, Santa Clara,
CA, USA) was used. This device is a routine hematology
analyzer, which allows for whole-blood analysis using
spectrophotometry, electrical impedance and laser light
scattering (multi-angle polarized scatter separation,
MAPSS) to classify blood cells (platelets, erythrocytes and
leukocytes). The device comprises detectors that are used
for optical light scattering to measure different parameters
that represent morphological characteristics (e.g., cellular
volume, granularity, nuclear shape) of cells. Based on
combinations of these parameters, cells are automatically
classified into different subpopulations (neutrophils,
monocytes, lymphocytes, eosinophils and basophils)
according to pre-set gates incorporated into the software of
the device [17, 35, 45]. For the measurements of MNV, a
routine white blood cells count was performed for both
patient and pig samples.
Flow cytometry measurements in STEMI patients
To assess if STEMI patients showed increased circulating
neutrophil subsets, flow cytometry analysis in two patients
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was performed. Blood was collected in EDTA-filled
vacutainers and co-incubated with a mouse anti-human
CD62L-ECD monoclonal antibody (Beckman Coulter,
Brea, CA, USA) and a monoclonal CD16-APC-A700
antibody (Beckman Coulter, Brea, CA, USA) for 30 min.
After incubation, blood was lysed for 10 min using Optil-
yse C (Beckman Coulter, Brea, CA, USA) followed by
flow-cytometry measurements on the GalliosTM system
(Beckman Coulter, Brea, CA, USA).
Identification of neutrophil subsets in pigs
For the identification of neutrophil subsets in pigs, mea-
surements of CD62L/CD16 expression on porcine neu-
trophils was performed using the Cell-Dyn Sapphire in
samples drawn from a subset of 4 pigs. A supplementary
analyzer processing option normally used for the auto-
mated determination of CD3? CD4? T-Helper and CD3?
CD8? T-Suppressor cells, uses a modified analytical
approach that combines simultaneous measurements of
optical (necessary to determine MNV) and fluorescent
(FL1/FL2, for CD62L/CD16 expression analysis) charac-
teristics [15, 23]. Whole blood samples were co-incubated
for 20 min with a commercially obtained directly labeled
mouse anti-pig monoclonal antibodies against FccRIII
[CD16- phycoerythrin (PE), clone G7, AbdSerotec, Ger-
many)] and, recently by our laboratory developed, mouse
anti-pig monoclonal antibody against L-selectin (CD62L)
(Abmart Inc. Shanghai, China). The unconjugated CD62L
antibody was labeled with Alexa-488 (Life Technologies,
Carlsbad, CA, USA) followed by automated measurements
on the hematology analyzer.
Porcine cells sorting and visualization
For morphological examination of neutrophil subsets,
additional blood samples (n = 4) were collected in EDTA
vacutainers. Red blood cells were lysed using 4 C isotonic
NH4Cl. Remaining white blood cells were washed with
phosphate buffered saline supplemented with sodium
citrate (0.4 % wt/vol) and pasteurized plasma protein
solution (10 % vol/vol) (PBS2?). After washing and cen-
trifugation at 1500 rpm for 5 min at 4 C, cells were
resuspended in PBS2? and kept on ice until incubation
with antibodies. Resuspended cells were incubated at 4 C
for 45 min with commercially obtained directly labeled
mouse anti-pig monoclonal antibodies against FcyRIII
(CD16-phycoerythrin (PE), clone G7, AbDSerotec, Ger-
many) as well as the same mouse anti-pig monoclonal
antibody against L-selectin (CD62L) as described before.
Thereafter cells were washed and sorted on a MoFloAstrios
(Beckman Coulter, Brea, CA, USA). Blood neutrophils
were identified by their distinct forward and sideward
scatter profiles. This yielded a neutrophil purity over 98 %.
Thereafter, subsets were sorted based on their CD16 and
CD62L expression patterns. In order to determine mor-
phological characteristics of PMN subsets, a total of
100,000 cells per subset were isolated and used for cytos-
pin slides and stained with May-Gruenwald & Giemsa.
Determination of MNV after local activation
of neutrophils
Porcine whole blood from healthy pigs (n = 4) was stim-
ulated in vitro with either different concentrations of
lipopolysaccharide (LPS, Sigma, Escherichia coli 055:B5)
(10, 100 ng, 1 lg) or phosphate buffered saline (control).
After 2 h of incubation, samples were automatically mea-
sured by the automated hematological analyzer to deter-
mine MNV as described before. To assess if the damaged
myocardium could influence MNV levels, we performed
coronary sinus sampling 15 min after reperfusion in pigs
subjected to MI. A 4F-catheter was temporarily placed in
the coronary sinus through an introducer sheath in the
jugular vein to draw blood 15 min after reperfusion while
blood was drawn simultaneously from the aorta as a
reference.
Data analysis and statistics
Files from human samples were analyzed by the internal
Cell-Dyn Sapphire algorithm according to pre-set gates for
different leukocyte subsets. Data from porcine samples
were extracted and analyzed with manually set gates
(Kaluza, Beckman Coulter, Brea, CA, USA), since the
incorporated pre-set gates of the hematological analyzer
were not suitable for porcine circulating cells. Data are
expressed as means ± standard deviations unless men-
tioned otherwise. Groups were compared using a one-way
ANOVA in case of more than two groups, a Student’s t test
for unrelated measurements in case of comparisons of two
separate groups and a paired Student’s t test for related
measurements. Correlations were tested with Pearson’s
correlation test.
Results
MNV is elevated in patients post-MI
MNV was significantly higher in STEMI patients (n = 84)
compared to stable angina patients (n = 209) and patients
without coronary artery disease (n = 80) that served as
control groups (STEMI: 602 SD26 arbitrary units (AU) vs.
stable AP: 580 SD20 AU, no CAD: 568 SD43 AU,
p\ 0.0001) (Fig. 1a). MNV also correlated significantly
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with simultaneously measured CK levels (R = 0.357,
p\ 0.0001) in STEMI patients (Fig. 1b).
MNV is elevated in pigs post-MI
To investigate the change of MNV in a controlled,
prospective setting, 14 pigs were subjected to MI. One pig
died due to resistant VF. In the remaining 13 pigs, MNV
was elevated in a time-dependent manner post-MI (451
SD11 AU (baseline, n = 13) vs. 460 SD9 AU, p = 0.011
(15 min reperfusion, n = 13) vs. 469 SD12 AU,
p\ 0.0001 (2 h reperfusion, n = 13) vs. 483 SD11 AU,
p = 0.009 (4 h reperfusion, n = 4) vs. 490 SD17 AU,
p = 0.014 (8 h reperfusion, n = 4) (Fig. 1c). Moreover,
DMNV between baseline and follow-up measurements
differed significantly when comparing pigs subjected to MI
and sham-operated pigs after a similar follow-up period of
4 h (20.4 SD11.1 AU vs. 7.0 SD7.8 AU, p = 0.026)
(Fig. 1d).
To assess whether MNV was related to the amount of
myocardial damage, MNV was correlated to infarct size as
a percentage of the left ventricle (IS/LV) and cardiac
function as assessed by 3D-echocardiography 72 h post-
MI, combined with correlation to troponin I (TnI) levels
measured in plasma 2 h post-MI. MNV measured from
blood drawn at 15 min reperfusion correlated significantly
with IS/LV (R = 0.705, p = 0.007) (Fig. 2a), end systolic
volume (ESV) (R = 0.685, p = 0.014) (Fig. 2b) and
inversely correlated with left ventricular ejection fraction
(LVEF) (R = -0.718, p = 0.009) (Fig. 2c) measured by
3D-echocardiography on day 3. MNV also positively cor-
related with TnI (R = 0.673, p = 0.023) (Fig. 2d).
Altered composition of circulating neutrophils
contributes to MNV elevation
To investigate whether the increased MNV was due to the
appearance of circulating neutrophil subsets, in particular
banded and hypersegmented neutrophils, we performed
CD62L/CD16 flow cytometry analysis of circulating neu-
trophils of a healthy control (Fig. 3a) and two STEMI
patients (Fig. 3b, c). Since both patients revealed the
presence of a more heterogeneous population, we also
determined the presence of neutrophils subsets at baseline
(Fig. 3d) and post-MI (Fig. 3e) in pigs. Consecutive sorting
and visualization of the different subtypes confirmed the
presence of banded (CD16dim/CD62Lhigh), mature
(CD16high/CD62Lhigh) and hypersegmented (CD16high/
CD62Ldim) neutrophils in pigs post-MI (Fig. 3e). Quan-
tification of subset numbers revealed an absolute increase
in mature neutrophils (3.3 SD0.93 9 106cells/mL vs. 15.3
SD2.97 9 106cell/mL, p\ 0.0001), banded neutrophils
(0.36 SD0.16 9 106cell/mL vs. 5.6 SD2.36 9 106cells/ml,
p = 0.001) and hypersegmented neutrophils (0.22
SD0.08 9 106cells/ml vs. 0.82 SD0.39cells/ml, p = 0.011)
between baseline and 8 h reperfusion in pigs subjected to
MI (Fig. 4a). Moreover, relative contribution of subsets
also changed over time. At 8 h reperfusion, mature neu-
trophils contributed less to the total population of circu-
lating neutrophils than at baseline (70.8 SD5.6 % vs. 84.4
Fig. 1 MNV is elevated after
MI. a MNV is higher in STEMI
patients compared to
stable angina patients and
patients without coronary artery
disease. b MNV correlates with
log-transformed CK levels in
STEMI patients. c MNV is
elevated in pigs after subjection
to myocardial infarction.
d MNV is higher in pigs
subjected to MI than in pigs
undergoing sham operation after
a similar observation period.
CAD coronary artery disease,
*p\ 0.0001 by one-way
ANOVA, **p\ 0.05
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Fig. 2 MNV correlates to
cardiac damage in a porcine
model of MI. a MNV correlates
with infarct size as a percentage
of the left ventricle. b MNV
correlates with ESV measured
by 3D-echocardiography 3 days
after reperfusion. c MNV
correlates with EF measured by
3D-echocardiography 3 days
after reperfusion. d MNV
correlates with TnI levels
measured 2 h after reperfusion.
Pg pictograms, Ml milliliter
Fig. 3 Scatterplots based on CD62L and CD16 expression of
circulating neutrophils of STEMI patients and pigs subjected to MI.
a Scatterplot of circulating neutrophils of a healthy control. b,
c Scatterplot of circulating neutrophils of patients within 72 h post-
MI. d Scatterplot of circulating neutrophils of a pig before subjection
to MI. e Scatterplot of a pig 4 h after reperfusion with representative
pictures of morphological differences between banded neutrophils
(green box), mature neutrophils (gray box) and hypersegmented
neutrophils (red box)
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SD5.5 %, p = 0.008). On the other hand, the contribution
of banded neutrophils increased when 8 h reperfusion was
compared to baseline (25.2 SD6.4 % vs. 9.78 SD5.6 %,
p = 0.006), while the contribution of hypersegmented
neutrophils remained unchanged (3.93 SD1.91 % vs. 5.78
SD1.56 %, p = 0.152) (Fig. 4b). To assess whether this
altered composition of circulating neutrophils could, in
part, be responsible for an altered MNV, the MNV of
different neutrophil subtypes was determined by an auto-
mated hematological analyzer. Post-MI, MNV of banded
neutrophils was significantly higher than MNV of mature
neutrophils (495 SD14 AU vs. 478 SD11 AU, p = 0.012)
(Fig. 4c).
Activation of neutrophils results in higher mean
neutrophil volume
Not only banded neutrophils, but also mature neutrophils
after MI showed a higher MNV than mature neutrophils at
baseline, indicating the presence of another mechanism
underlying these changes. Therefore, we assessed if local
activation of neutrophils could alter MNV by stimulating
whole blood of healthy pigs with 3 different doses of LPS
(10, 100 ng, 1 lg) or PBS in vitro. After incubation of 2 h
at 37 C, a dose-dependent increase of MNV was seen (454
SD6.8 AU (control) vs. 470 SD8.7 AU (LPS 1 lg),
p = 0.013) (Fig. 5a). Moreover, we determined if MNV
was also altered due to the interaction between neutrophils
and the damaged myocardium in vivo. To this extent,
coronary sinus sampling was performed simultaneously
with aortic sampling 15 min after reperfusion. MNV of
neutrophils measured from coronary sinus blood was sig-
nificantly higher than MNV of neutrophils from simulta-
neously collected arterial blood (463 SD7.6 AU vs 461
SD8.6 AU, p = 0.013) (Fig. 5b).
Discussion
The detrimental effects of the inflammatory response post-
MI are believed to outweigh the positive effects [44].
Indeed, multiple clinical studies have shown that different
parameters of inflammation correlate with prognosis and
adverse events after MI [19, 27, 33, 46]. Since neutrophils
play a prominent role in myocardial ischemia–reperfusion
injury [50], and MNV is known to be elevated in inflam-
mation-related diseases [9, 29], we hypothesized that MNV
could serve as a possible marker in the setting of MI. In this
perspective, the current study sought to investigate whether
MNV is elevated post-MI and what the possible explana-
tion behind this elevation could be.
To the best of our knowledge, this is the first study to
show that MNV is elevated in STEMI patients in response
to myocardial infarction. Moreover, MNV correlates with
CK levels, suggesting possible reflection of the amount of
cardiac damage post-MI. Similar to the patient setting,
MNV is elevated in pigs and MNV levels early after MI
correlate with multiple parameters of cardiac damage
Fig. 4 Banded neutrophils
(relatively) increase during
reperfusion and have a higher
MNV in pigs subjected to MI.
a Absolute increase in banded
(green), mature (gray) and
hypersegmented (red)
neutrophils during reperfusion.
b Relative increase of banded
neutrophils (green) and
decrease of mature neutrophils
(gray) during reperfusion.
c Banded neutrophils (green)
have a higher MNV compared
to mature neutrophils (gray),
dotted line represents average
MNV at baseline. R reperfusion,
Mt mature, Bd banded, HS
hypersegmented neutrophils,
*p\ 0.05
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measured after 3 days follow-up. These findings propose
that MNV could withhold prognostic value in the setting of
MI.
Additionally, we investigated for the first time, whether
a change in MNV was the result of an altered neutrophil
composition, or the activation of circulating neutrophils. It
has recently been corroborated that migration of specific
neutrophil subsets into the systemic circulation occurs in
inflammation-related diseases [16, 40, 49, 51]. However,
ours is the first study that identifies this phenomenon after
MI in patients and morphologically confirmed these subsets
in a porcine model of myocardial infarction.
Although previously suggested by others [54], we here
provide the first direct evidence that this altered circulating
neutrophil composition contributes to the elevated MNV.
We have shown that banded neutrophils have a signifi-
cantly higher MNV than mature neutrophils and account
for more than a quarter of the circulating neutrophils post-
reperfusion in pigs. Similar levels of banded neutrophils
have been found in human subjects after in vivo LPS
infusion, suggesting that our porcine model is representa-
tive for the human situation as well [40].
In contrast to the previous assumption that the increased
MNV in inflammation-related diseases is only due to
transmigration of banded neutrophils [10, 34, 54], we show
that an altered subset composition is not the sole mecha-
nism, since both in vitro and in vivo neutrophil activation
results in significant MNV elevation. This phenomenon
underscores that morphological characteristics of neu-
trophils could withhold great prognostic value post-MI,
being directly and imminently influenced by the damaged
myocardium.
To what extent both processes are exactly responsible
for the change in MNV is hard to determine since they are
very dynamic and time-dependent [52]. From our data and
those of others, however, it is clear that the migration of
subsets towards the systemic circulation occurs within a
few hours from the initial event [40]. We also show that
activation of neutrophils by the damaged myocardium
already occurs during ischemia and early reperfusion. The
contribution of banded neutrophils to the total neutrophil
population is limited within this timeframe. This suggests
that both processes overlap but that activation is probably
playing a more dominant role in the first phase after cardiac
ischemia. This seems logical since many different danger
molecules are released from the damaged myocardium into
the systemic circulation from the onset of ischemia
onwards [30, 48, 50].
The current study advocates an association between
MNV and the amount of damage inflicted after MI and
may lead to further insight into the mechanism behind
reperfusion damage and myocardial remodeling follow-
ing ischemia. However, the true prognostic value of
MNV could not be tested in the current study and needs
to be addressed in future studies. Concomitantly, the
correlation shown in our study between CK levels and
MNV was not very strong. One of the main reasons is
that we were limited to one single measurement in these
patients, precluding a comparison between peak levels.
Also, a considerable overlap between MNV of ischemic
and non-ischemic patients may be appreciated. This
renders MNV unlikely to become a diagnostic marker
for acute coronary syndromes. Despite the limited value
for diagnostic purposes, MNV could nevertheless pro-
vide prognostic value.
Since neutrophils are prominent players in myocardial
reperfusion injury [50], it remains to be elucidated whether
MNV is influenced by cardioprotective strategies, or could
even be causally involved in the process of infarct expan-
sion. A possible mechanism could be by enhancing the no-
reflow phenomenon. As previously shown, neutrophil
plugging is one of the most important causes of no-reflow
after myocardial infarction [7]. Our study shows that neu-
trophils that are stimulated by the damaged myocardium
gradually increase in size. Parallel to this observation,
neutrophil activation also leads to microvascular obstruc-
tion. Whether larger neutrophils are generally more prone
to congregate and cause no-reflow is unknown, but could
be attributed to the above described events.
In our study, we established correlations with cardiac
damage early after reperfusion. Additionally, the associa-
tion of MNV with adverse events after MI may not only
Fig. 5 Local activation of
neutrophils results in an
increased MNV. a In vitro
stimulation with LPS dose
dependently increases MNV.
bMNV in blood drawn from the
coronary sinus is higher than
MNV from simultaneously
drawn blood from the aorta
*p\ 0.05, **p = 0.09
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depend on cardiac damage, but also on comorbidity and
risk factors not present in the large animal model we used.
Apart from morphological differences of distinctive neu-
trophil subsets, also phenotypical differences have been
identified [40, 42]. The distinctive role of the different
neutrophil subsets in the setting of myocardial injury
remains to be elucidated. Whether the presence of a
heterogeneous population of neutrophils is associated with
future adverse events after MI will be part of future studies
and falls beyond the scope of our study.
In conclusion, the current study shows that MNV is
elevated after MI and provides evidence that MNV predicts
cardiac damage post-MI. Moreover, we show that MNV
not only increases due to altered neutrophil composition,
but also systemic neutrophil activation. Given the fast and
inexpensive nature of MNV measurements with already
clinically implemented devices, MNV may be an interest-
ing parameter for future prognostic assessment in MI.
Acknowledgments This research forms part of the Project P5.02
CellBeads of the research program of the BioMedical Materials
institute, co-funded by the Dutch Ministry of Economic Affairs. The
authors gratefully acknowledge Marlijn Jansen, Joyce Visser, Martijn
van Nieuwburg, Grace Croft, Evelyn Velema, Marjon Wesseling and
Ron Stokwielder for their excellent technical support. All institutional
and national guidelines for the care and use of laboratory animals
were followed and approved by the appropriate institutional com-
mittees. The authors report no relationships that could be construed as
a conflict of interest.
Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.
References
1. Arslan F, de Kleijn DP, Pasterkamp G (2011) Innate immune
signaling in cardiac ischemia. Nat Rev Cardiol 8:292–300.
doi:10.1038/nrcardio.2011.38
2. Azab B, Zaher M, Weiserbs KF, Torbey E, Lacossiere K, Gad-
dam S, Gobunsuy R, Jadonath S, Baldari D, McCord D, Lafferty J
(2010) Usefulness of neutrophil to lymphocyte ratio in predicting
short-and long-term mortality after NonST-elevation myocardial
infarction. Am J Cardiol 106:470–476. doi:10.1016/j.amjcard.
2010.03.062
3. Bagdasaryan R, Zhou Z, Tierno B, Rosenman D, Xu D (2007)
Neutrophil VCS parameters are superior indicators for acute
infection. Lab Hematol 13:12–16. doi:10.1532/LH96.06048
4. Bao M-W, Cai Z, Zhang X-J, Li L, Liu X, Wan N, Hu G, Wan F,
Zhang R, Zhu X, Xia H, Li H (2015) Dickkopf-3 protects against
cardiac dysfunction and ventricular remodelling following
myocardial infarction. Basic Res Cardiol 110:25. doi:10.1007/
s00395-015-0481-x
5. Belkacemi A, Agostoni P, Nathoe HM, Voskuil M, Shao C, Van
Belle E, Wildbergh T, Politi L, Doevendans PA, Sangiorgi GM,
Stella PR (2012) First results of the DEB-AMI (drug eluting
balloon in acute ST-segment elevation myocardial infarction)
trial: a multicenter randomized comparison of drug-eluting bal-
loon plus bare-metal stent versus bare-metal stent versus drug-
eluting stent in primary percutaneous coronary intervention with
6-month angiographic, intravascular, functional, and clinical
outcomes. J Am Coll Cardiol 59:2327–2337. doi:10.1016/j.jacc.
2012.02.027
6. Ten Berg MJ, Huisman A, van den Bemt PM, Schobben AF,
Egberts ACG, van Solinge WW (2007) Linking laboratory and
medication data: new opportunities for pharmacoepidemiological
research. Clin Chem Lab Med 45:13–19. doi:10.1515/CCLM.
2007.009
7. Betgem RP, de Waard GA, Nijveldt R, Beek AM, Escaned J, van
Royen N (2014) Intramyocardial haemorrhage after acute
myocardial infarction. Nat Rev Cardiol 12:156–167. doi:10.1038/
nrcardio.2014.188
8. Beyrau M, Bodkin JV, Nourshargh S (2012) Neutrophil hetero-
geneity in health and disease: a revitalized avenue in inflamma-
tion and immunity. OpenBiol 2:120134. doi:10.1098/rsob.120134
9. Bhargava M, Saluja S, Sindhuri U, Saraf A, Sharma P (2014)
Elevated mean neutrophil volume?CRP is a highly sensitive and
specific predictor of neonatal sepsis. Int J Lab Hematol. doi:10.
1111/ijlh.12120
10. Celik IH, Demirel G, Aksoy HT, Erdeve O, Tuncer E, Biyikli Z,
Dilmen U (2012) Automated determination of neutrophil VCS
parameters in diagnosis and treatment efficacy of neonatal sepsis.
Pediatr Res 71:121–125. doi:10.1038/pr.2011.16
11. Dragu R, Huri S, Zuckerman R, Suleiman M, Mutlak D, Agmon
Y, Kapeliovich M, Beyar R, Markiewicz W, Hammerman H,
Aronson D (2008) Predictive value of white blood cell subtypes
for long-term outcome following myocardial infarction.
Atherosclerosis 196:405–412. doi:10.1016/j.atherosclerosis.2006.
11.022
12. Duffy BK, Gurm HS, Rajagopal V, Gupta R, Ellis SG, Bhatt DL
(2006) Usefulness of an elevated neutrophil to lymphocyte ratio
in predicting long-term mortality after percutaneous coronary
intervention. Am J Cardiol 97:993–996. doi:10.1016/j.amjcard.
2005.10.034
13. Frangogiannis NG, Smith CW, Entman ML (2002) The inflam-
matory response in myocardial infarction. Cardiovasc Res
53:31–47. doi:10.1016/S0008-6363(01)00434-5
14. Gijsberts CM, Gohar A, Ellenbroek GHJM, Hoefer IE, de Kleijn
DPV, Asselbergs FW, Nathoe HM, Agostoni P, Rittersma SZH,
Pasterkamp G, Appelman Y, den Ruijter HM (2015) Severity of
stable coronary artery disease and its biomarkers differ between
men and women undergoing angiography. Atherosclerosis.
doi:10.1016/j.atherosclerosis.2015.02.002
15. Groeneveld KM, Heeres M, Leenen LPH, Huisman A, Koen-
derman L (2012) Immunophenotyping of posttraumatic neu-
trophils on a routine haematology analyser. Mediators Inflamm
2012:509513. doi:10.1155/2012/509513
16. Hao S, Andersen M, Yu H (2013) Detection of immune sup-
pressive neutrophils in peripheral blood samples of cancer
patients. Am J Blood Res 3:239–245. doi:10.1002/cncr.29100
17. Hedberg P, Lehto T (2009) Aging stability of complete blood
count and white blood cell differential parameters analyzed by
Abbott CELL-DYN Sapphire hematology analyzer. Int J Lab
Hematol 31:87–96. doi:10.1111/j.1751-553X.2007.01009.x
18. Heusch G, Libby P, Gersh B, Yellon D, Bo¨hm M, Lopaschuk G,
Opie L (2014) Cardiovascular remodelling in coronary artery
disease and heart failure. Lancet 383:1933–1943. doi:10.1016/
S0140-6736(14)60107-0
19. Horne BD, Anderson JL, John JM, Weaver A, Bair TL, Jensen
KR, Renlund DG, Muhlestein JB (2005) Which white blood cell
Basic Res Cardiol (2015) 110:58 Page 9 of 11 58
123
subtypes predict increased cardiovascular risk? J Am Coll Cardiol
45:1638–1643. doi:10.1016/j.jacc.2005.02.054
20. Van Hout GPJ, Jansen Of Lorkeer SJ, Gho JMIH, Doevendans
PA, van Solinge WW, Pasterkamp G, Chamuleau SAJ, Hoefer IE
(2014) Admittance-based pressure-volume loops versus gold
standard cardiac magnetic resonance imaging in a porcine model
of myocardial infarction. Physiol Rep 2:e00287. doi:10.14814/
phy2.287
21. Husser O, Bodi V, Sanchis J, Nunez J, Mainar L, Chorro FJ,
Lopez-Lereu MP, Monmeneu JV, Chaustre F, Forteza MJ,
Trapero I, Dasi F, Benet I, Riegger GA, Llacer A (2011) White
blood cell subtypes after STEMI: temporal evolution, association
with cardiovascular magnetic resonance–derived infarct size and
impact on outcome. Inflammation 34:73–84. doi:10.1007/s10753-
010-9209-0
22. Iba´n˜ez B, Heusch G, Ovize M, Van de Werf F (2015) Evolving
therapies for myocardial ischemia/reperfusion injury. J Am Coll
Cardiol 65:1454–1471. doi:10.1016/j.jacc.2015.02.032
23. Johannessen B, Roemer B, Flatmoen L, Just T, Aarsand AK,
Scott CS (2006) Implementation of monoclonal antibody fluo-
rescence on the Abbott CELL-DYN Sapphire haematology
analyser: evaluation of lymphoid, myeloid and platelet markers.
Clin Lab Haematol 28:84–96. doi:10.1111/j.1365-2257.2006.
00766.x
24. De Jong R, van Hout GPJ, Houtgraaf JH, Kazemi K, Wallrapp C,
Lewis A, Pasterkamp G, Hoefer IE, Duckers HJ (2014) Intra-
coronary infusion of encapsulated glucagon-like peptide-1-elut-
ing mesenchymal stem cells preserves left ventricular function in
a porcine model of acute myocardial infarction. Circ Cardiovasc
Interv 7:673–683. doi:10.1161/CIRCINTERVENTIONS.114.
001580
25. Kain V, Prabhu SD, Halade GV (2014) Inflammation revisited:
inflammation versus resolution of inflammation following
myocardial infarction. Basic Res Cardiol 109:444. doi:10.1007/
s00395-014-0444-7
26. Kristensen SD, Laut KG, Fajadet J, Kaifoszova Z, Kala P, Di
Mario C, Wijns W, Clemmensen P, Agladze V, Antoniades L,
Alhabib KF, De Boer MJ, Claeys MJ, Deleanu D, Dudek D,
Erglis A, Gilard M, Goktekin O, Guagliumi G, Gudnason T,
Hansen KW, Huber K, James S, Janota T, Jennings S, Kajander
O, Kanakakis J, Karamfiloff KK, Kedev S, Kornowski R, Lud-
man PF, Merkely B, Milicic D, Najafov R, Nicolini FA, Nocˇ M,
Ostojic M, Pereira H, Radovanovic D, Sabate´ M, Sobhy M,
Sokolov M, Studencan M, Terzic I, Wahler S, Widimsky P
(2014) Reperfusion therapy for ST elevation acute myocardial
infarction 2010/2011: current status in 37 ESC countries. Eur
Heart J 35:1957–1970. doi:10.1093/eurheartj/eht529
27. Van der Laan AM, Nahrendorf M, Piek JJ (2012) Healing and
adverse remodelling after acute myocardial infarction: role of the
cellular immune response. Heart 98:1384–1390. doi:10.1136/
heartjnl-2012-301623
28. Lam SW, Leenen LPH, van Solinge WW, Hietbrink F, Huisman
A (2012) Comparison between the prognostic value of the white
blood cell differential count and morphological parameters of
neutrophils and lymphocytes in severely injured patients for
7-day in-hospital mortality. Biomarkers 17:642–647. doi:10.
3109/1354750X.2012.712161
29. Lee AJ, Kim SG (2013) Mean cell volumes of neutrophils and
monocytes are promising markers of sepsis in elderly patients.
Blood Res 48:193–197. doi:10.5045/br.2013.48.3.193
30. Lefer DJ (2002) Do neutrophils contribute to myocardial reper-
fusion injury? Basic Res Cardiol 97:263–267. doi:10.1007/
s00395-002-0363-x
31. Liebetrau C, Hoffmann J, Dorr O, Gaede L, Blumenstein J,
Biermann H, Pyttel L, Thiele P, Troidl C, Berkowitsch A, Rolf A,
Voss S, Hamm CW, Nef H, Mollmann H (2014) Release kinetics
of inflammatory biomarkers in a clinical model of acute
myocardial infarction. Circ Res 116:867–875. doi:10.1161/CIR
CRESAHA.116.304653
32. Lindner D, Zietsch C, Tank J, Sossalla S, Fluschnik N, Hinrichs
S, Maier L, Poller W, Blankenberg S, Schultheiss H-P, Tscho¨pe
C, Westermann D (2014) Cardiac fibroblasts support cardiac
inflammation in heart failure. Basic Res Cardiol 109:428. doi:10.
1007/s00395-014-0428-7
33. Maekawa Y, Anzai T, Yoshikawa T, Asakura Y, Takahashi T,
Ishikawa S, Mitamura H, Ogawa S (2002) Prognostic significance
of peripheral monocytosis after reperfused acute myocardial
infarction: a possible role for left ventricular remodeling. J Am
Coll Cardiol 39:241–246. doi:10.1016/S0735-1097(01)01721-1
34. Mardi D, Fwity B, Lobmann R, Ambrosch A (2010) Mean cell
volume of neutrophils and monocytes compared with C-reactive
protein, Interleukin-6 and white blood cell count for prediction of
sepsis and nonsystemic bacterial infections. Int J Lab Hematol
32:410–418. doi:10.1111/j.1751-553X.2009.01202.x
35. Mu¨ller R, Mellors I, Johannessen B, Aarsand AK, Kiefer P,
Hardy J, Kendall R, Scott CS (2006) European multi-center
evaluation of the Abbott Cell-Dyn sapphire hematology analyzer.
Lab Hematol 12:15–31. doi:10.1532/LH96.05041
36. Niu J, Jin Z, Kim H, Kolattukudy PE (2015) MCP-1-induced
protein attenuates post-infarct cardiac remodeling and dysfunc-
tion through mitigating NF-jB activation and suppressing
inflammation-associated microRNA expression. Basic Res Car-
diol 110:26. doi:10.1007/s00395-015-0483-8
37. Nu´n˜ez J, Nu´n˜ez E, Bodı´ V, Sanchis J, Min˜ana G, Mainar L,
Santas E, Merlos P, Rumiz E, Darmofal H, Heatta AM, Lla`cer A
(2008) Usefulness of the neutrophil to lymphocyte ratio in pre-
dicting long-term mortality in ST segment elevation myocardial
infarction. Am J Cardiol 101:747–752. doi:10.1016/j.amjcard.
2007.11.004
38. Palmerini T, Ge´ne´reux P, Mehran R, Dangas G, Caixeta A, Della
Riva D, Mariani A, Xu K, Stone GW (2013) Association among
leukocyte count, mortality, and bleeding in patients with non-st-
segment elevation acute coronary syndromes (from the Acute
catheterization and urgent intervention triage StrategY
[ACUITY] Trial). Am J Cardiol 111:1237–1245. doi:10.1016/j.
amjcard.2012.12.056
39. Papa A, Emdin M, Passino C, Michelassi C, Battaglia D, Cocci F
(2008) Predictive value of elevated neutrophil-lymphocyte ratio
on cardiac mortality in patients with stable coronary artery dis-
ease. Clin Chim Acta 395:27–31. doi:10.1016/j.cca.2008.04.019
40. Pillay J, Kamp VM, Van Hoffen E, Visser T, Tak T, Lammers
JW, Ulfman LH, Leenen LP, Pickkers P, Koenderman L (2012) A
subset of neutrophils in human systemic inflammation inhibits T
cell responses through Mac-1. J Clin Invest 122:327–336. doi:10.
1172/JCI57990
41. Robinson E, Cassidy RS, Tate M, Zhao Y, Lockhart S, Calder-
wood D, Church R, McGahon MK, Brazil DP, McDermott BJ,
Green BD, Grieve DJ (2015) Exendin-4 protects against post-
myocardial infarction remodelling via specific actions on
inflammation and the extracellular matrix. Basic Res Cardiol
110:20. doi:10.1007/s00395-015-0476-7
42. Scapini P, Cassatella MA (2014) Social networking of human
neutrophils within the immune system. Blood 124:710–719.
doi:10.1182/blood-2014-03-453217
43. Sen N, Afsar B, Ozcan F, Buyukkaya E, Isleyen A, Akcay AB,
Yuzgecer H, Kurt M, Karakas MF, Basar N, Hajro E, Kanbay M
(2013) The neutrophil to lymphocyte ratio was associated with
impaired myocardial perfusion and long term adverse outcome in
patients with ST-elevated myocardial infarction undergoing pri-
mary coronary intervention. Atherosclerosis 228:203–210.
doi:10.1016/j.atherosclerosis.2013.02.017
58 Page 10 of 11 Basic Res Cardiol (2015) 110:58
123
44. Seropian IM, Toldo S, Van Tassell BW, Abbate A (2014) Anti-
inflammatory strategies for ventricular remodeling following St-
segment elevation acute myocardial infarction. J Am Coll Cardiol
63:1593–1603. doi:10.1016/j.jacc.2014.01.014
45. De Smet D, Van Moer G, Martens GA, Nanos N, Smet L,
Jochmans K, De Waele M (2010) Use of the cell-dyn sapphire
hematology analyzer for automated counting of blood cells in
body fluids. Am J Clin Pathol 133:291–299. doi:10.1309/
AJCPY7J7OLASZAPC
46. Takahashi T, Hiasa Y, Ohara Y, Miyazaki S-I, Ogura R, Suzuki
N, Hosokawa S, Kishi K, Ohtani R (2008) Relationship of
admission neutrophil count to microvascular injury, left ventric-
ular dilation, and long-term outcome in patients treated with
primary angioplasty for acute myocardial infarction. Circ J
72:867–872. doi:10.1253/circj.72.867
47. Tamhane UU, Aneja S, Montgomery D, Rogers EK, Eagle KA,
Gurm HS (2008) Association between admission neutrophil to
lymphocyte ratio and outcomes in patients with acute coronary
syndrome. Am J Cardiol 102:653–657. doi:10.1016/j.amjcard.
2008.05.006
48. Timmers L, Pasterkamp G, De Hoog VC, Arslan F, Appelman Y,
De Kleijn DP (2012) The innate immune response in reperfused
myocardium. Cardiovasc Res 94:276–283. doi:10.1093/cvr/
cvs018
49. Tsuda Y, Takahashi H, Kobayashi M, Hanafusa T, Herndon DN,
Suzuki F (2004) Three different neutrophil subsets exhibited in
mice with different susceptibilities to infection by methicillin-
resistant Staphylococcus aureus. Immunity 21:215–226. doi:10.
1016/j.immuni.2004.07.006
50. Vinten-Johansen J (2004) Involvement of neutrophils in the
pathogenesis of lethal myocardial reperfusion injury. Cardiovasc
Res 61:481–497. doi:10.1016/j.cardiores.2003.10.011
51. Welin A, Amirbeagi F, Christenson K, Bjo¨rkman L, Bjo¨rnsdottir
H, Forsman H, Dahlgren C, Karlsson A, Bylund J (2013) The
human neutrophil subsets defined by the presence or absence of
OLFM4 both transmigrate into tissue in vivo and give rise to
distinct nets in vitro. PLoS One 8:e69575. doi:10.1371/journal.
pone.0069575
52. Wirths S, Bugl S, Kopp HG (2014) Neutrophil homeostasis and
its regulation by danger signaling. Blood 123:3563–3566. doi:10.
1182/blood-2013-11-516260
53. Yellon DM, Hausenloy DJ (2007) Myocardial reperfusion injury.
N Engl J Med 357:1121–1135. doi:10.1056/NEJMra071667
54. Zhu Y, Cao X, Zhang K, Xie W, Xu D, Zhong C (2014) Delta
mean neutrophil volume (DMNV) is comparable to procalcitonin
for predicting postsurgical bacterial infection. J Clin Lab Anal
28:301–305. doi:10.1002/jcla.21684
Basic Res Cardiol (2015) 110:58 Page 11 of 11 58
123
